In Fe-based superconductors, electron doping is often realized by the substitution of transitionmetal atoms for Fe. In order to investigate how the electronic structure of the parent compound is influenced by Zn substitution, which supplies nominally four extra electrons per substituted atom but is expected to induce the strongest impurity potential among the transition-metal atoms, we have performed an angle-resolved photoemission spectroscopy measurements on Ba(Fe1−xZnx)2As2 . In Zn-122, the temperature dependence of the resistivity shows a kink around T ∼ 135 K, indicating antiferromagnetic order below the Néel temperature of TN ∼ 135 K. In fact, folded Fermi surfaces (FSs) similar to those of the parent compound have been observed below TN. The hole and electron FS volumes are, therefore, different from those expected from the rigid-band model. The results can be understood if all the extra electrons occupy the Zn 3d state ∼10 eV below the Fermi level and do not participate in the formation of the FSs.
In Fe-based superconductors, electron doping is often realized by the substitution of transitionmetal atoms for Fe. In order to investigate how the electronic structure of the parent compound is influenced by Zn substitution, which supplies nominally four extra electrons per substituted atom but is expected to induce the strongest impurity potential among the transition-metal atoms, we have performed an angle-resolved photoemission spectroscopy measurements on Ba(Fe1−xZnx)2As2 (Zn-122). In Zn-122, the temperature dependence of the resistivity shows a kink around T ∼ 135 K, indicating antiferromagnetic order below the Néel temperature of TN ∼ 135 K. In fact, folded Fermi surfaces (FSs) similar to those of the parent compound have been observed below TN. The hole and electron FS volumes are, therefore, different from those expected from the rigid-band model. The results can be understood if all the extra electrons occupy the Zn 3d state ∼10 eV below the Fermi level and do not participate in the formation of the FSs. In iron-based high-T c superconductors (Fe-SCs), electron doping can be made by partial substitution of transition-metal atoms for Fe in the antiferromagnetic (AFM) parent compounds as in Ba(Fe 1−x Co x ) 2 As 2 (Co-122) and Ba(Fe 1−x Ni x ) 2 As 2 (Ni-122), which show relatively high superconducting (SC) transition temperatures of T c = 25 and 20 K, respectively 1-4 . This is a surprising phenomenon, considering the fact that in the case of cuprate superconductors, transition-metal impurities such as Co, Ni, and Zn works as strong scatterers and quickly kill the superconductivity [5] [6] [7] [8] . Therefore, the role of the substituted transition-metal atom in the electronic structure has been one of the most important but difficult issues in the Fe-SCs.
Based on super-cell calculation within the density functional theory (DFT), Wadati et al. have studied the spatial distribution of doped electrons in the FeAs layer and found that the doped electrons are located at the Co, Ni, Cu, and Zn sites 9, 10 . On the other hand, another super-cell calculation by Konbu et al. 11 has shown a rigid-band-like shift of the chemical potential and concomitant evolution of FSs with Co and Ni substitution. Our recent angle-resolved photoemission spectroscopy (ARPES) measurement has revealed that deviation from the rigid-band model gradually develops in going from Co-, Ni-, to Cu doped (Cu-122) BaFe 2 As 2 , which we attribute to the effect of impurity potential of the substitutional transition-metal atoms 12 . For Zn substitution, the doped electron number is expected to be four times as large as that of Co doping, and at the same time the impurity potential is expected to be stronger than Co, Ni, and Cu. In fact, the Zn 3d state is located ∼8 eV below the Fermi level (E F ) in DFT calculations 9, 13 . The effect of Zn-doping on the T c of Fe-SC's has been controversial. According to Zn-doping studies on polycrystalline Ba 0.5 K 0.5 Fe 2 As 2 (K-122) 14 , the T c does not change with Zn doping. For LaFeAsO 1−x F x (F-La1111) 15 , on the other hand, the T c even increases with Zn doping in the underdoped region, while it remains unchanged in the optimally doped regions. However, recent studies on single-crystalline K-122 and polycrystalline F-La1111 over a broad electron-doping range have shown that the T c is strongly suppressed with Zn substitution [16] [17] [18] . In this work, we have investigated the electronic structure of Ba(Fe 1−x Zn x ) 2 As 2 (Zn-122) to study the effect of Zn doping in the BaFe 2 As 2 system, focusing on the impurity states and FS volumes. We have found that the electronic structure of Zn-122 is similar to that of the parent compound BaFe 2 As 2 , that is, band folding due to the AFM order remains unchanged. We have also found that the hole and electron FS volumes above T N are similar to those of the parent compound and, therefore, are strongly deviated from those expected from the rigid-band model. This implies that doped electrons are mostly localized on the Zn 3d level located ∼10 eV below E F . The present result is in line with the "universal" relationship between the T N and the total FS volume for the transition-metal-substituted Fe-SCs 12 . High-quality single crystals of Ba(Fe 1−x Zn x ) 2 As 2 with x = 0.08 and 0.25 were grown by the self-flux method. The Zn concentration was determined by energy dispersive x-ray (EDX) analysis. ARPES measurements were carried out at beamline 28A of Photon Factory (PF) using linearly-polarized light ranging from hν = 34 to 80 eV. A Scienta SES-2002 analyzer was used with the total energy resolution of 15-20 meV. The crystals were cleaved in situ at T = 20 K in an ultra-high vacuum of ∼5×10 −11 Torr. Figure 1 (a) shows the temperature dependence of the in-plane resistivity of Zn-122. It shows a kink at T ∼ 135 K very similar to the resistivity of the parent compound BaFe 2 As 2 , and indicates that the AFM order persists in Zn-122. Figure 1(b) shows the angle-integrated photoemission spectra of Zn-122 in the entire valenceband region. Zn 3d-derived emission is seen around 10 eV below E F , and is well separated from the Fe 3d band, consistent with the density of state (DOS) given by the super-cell band-structure calculation 9 . In Fig. 1 (c), an energy-momentum (E-k) plot taken at hν = 60 eV on the Z plane is shown, and non-dispersive bands are observed 10 eV below E F . This indicates that Zn-122 shows stronger deviation from the rigid-band model than Co-, Ni-, and Cu-122 in the previous report 12 . In order to see the effect of the AFM order on the electronic structure near E F , we have performed FS mapping in the k x -k y plane at T = 20 K. Figures 2(a) and 2(b) show intensity mapping in the k x -k y planes including the Z and the Γ points, respectively. One finds that the FS shapes for the hole and electron FSs around the Brillouin zone (BZ) center and corner are similar to those of the parent compound BaFe 2 As 2 19,24 . As shown in Figs. 2(c1)-2(f4), we show E-k plots and corresponding secondderivative E-k plots for the hole and electron bands taken at T = 20 K for cuts #1 -#4 in Figs. 2(a) and 2(b). The band folding due to the spin-density-wave (SDW) formation is obviously observed for x = 0.08, while the band dispersions of x = 0.25 is smeared out and the band folding is rather difficult to identify, probably due to scattering by the randomly distributed Zn atoms. Here, the hole bands for both samples clearly cross the E F even around the Γ point 12, 20, 21 , implying that electrons are not doped appreciably by Zn substitution. In order to investigate the three-dimensional electronic structure and to estimate the FS volumes quantitatively, FS mapping in the k z -k || plane was performed by changing the photon energy as shown in Fig. 3 . The direction of k || is the same as cuts in Figs. 2(a) and 2(b) . Here, the intensity asymmetry observed with respect to the k || = 0 line is due to photoemission matrix-element effects. Figures  3(a) and 3(c) show the hole FS mapping on the k z -k || Here, the number of extra electrons has been calculated using the net Zn concentrations (x ∼ 0.07 and ∼ 0.21 for x = 0.08 and 0.25 samples, respectively 25 ) which excludes the precipitated phase of Zn metal from the total Zn concentration estimated by the EDX analysis. We have assumed doubly degenerate inner and one outer hole FSs. The FS volumes deduced from the present study are compared with configuration-averaged super-cell bandstructure calculation 13 and the rigid-band model, n el −n h = x, in Fig. 4 . While the calculated n h decreases only slightly (by ∼0.1) with Zn substitution compared to the added electron number of 0.5, n h deduced from ARPES shown an even smaller change. In particular, the n el of Zn-122 is almost constant unlike the theoretical prediction. The experimental value of n el − n h thus does not show appreciable change from the non-doped sample as shown in Fig. 4(a3) , indicating that the rigid-band model completely breaks down in Zn-122. We have plotted the T N of Zn-122 as a function of the extra electron number [ Fig. 4(b1) ] and of n el − n h deduced from the present study [ Fig. 4(b2) ] together with the other transitionmetal-substituted BaFe 2 As 2 . While, the T N plotted in Fig. 4(b1) is strongly deviated between Co-, Ni-, Cu-, and Zn-122, the T N plotted in Fig. 4(b2) coincides with each other 12 , indicating that the T N is controlled AFM SC
FIG. 4. (Color online) (a1)-(a3):
Hole (n h ), electron (n el ), and total FS volumes (n el − n h ) above TN plotted as functions of the number of extra electrons. Experimental data obtained from the present study are compared with theory (configuration-averaged super-cell band-structure calculation reported by theory 13 ) and the rigid-band model shown by a solid line in (a3). The data of BaFe2As2 are taken from experimental studies 21, 27 . TN's plotted as functions of (b1) the nominal extra electron number per Fe/T site and (b2) the total FS volume n el − n h (T = Co, Ni, Cu, and Zn) 12 . The Tc dome of Co-122 is also shown for reference.
by the number of doped electrons. Therefore, almost all the doped electrons do not become mobile carriers, and hence, Zn-122 does not show the superconductivity. Now, we discuss how the electronic structure is influenced by the strong impurity potential of the Zn atom. As shown in Fig. 3 , changes in the FSs induced by Zn substitution are very little, and the electronic structure of Zn-122 is similar to that of BaFe 2 As 2 . According to tight-binding-model calculations and first-principles band-structure calculations 26 , in the case of a weak impurity potential, the host and impurity atomic orbitals form common energy bands. With increasing magnitude of the impurity potential, the host Fe 3d and the impurity 3d bands are separated, and the impurity states are split off below the host band. Thus, the capacity of the impurity band to accommodate additional electrons increases, and the number of electrons added to the FSs decreases. In order to explain the present ARPES result that the FSs and band structure show almost no change with Zn substitution, schematic DOSs for BaFe 2 As 2 , Co-122, and Zn-122 are drawn in Fig. 5 . For BaFe 2 As 2 , the Fe 3d bands (hybridized with As 4p bands) are occupied by 6 electrons per Fe. By substitution of Co for Fe, because the potential difference ≤ ∼2 eV 9 is small compared to the total bandwidth ∼ 2-3 eV, the hybridized common Fe 3d-Co 3d bands are formed. Thus, the chemical potential (µ) is shifted upward to accommodate the 6+x electrons per Fe/Co site. On the other hand, as shown in 1-x) . Consequently, the ratio of the occupied and unoccupied states of the Fe 3d bands in Zn-122 is 4 : 6, the same as that of BaFe 2 As 2 , and hence the chemical potential remains unshifted. Finally, it is interesting to compare the present result with the isovalent-doped Ba(Fe 1−x Ru x ) 2 As 2 (Ru-122), where the chemical potential also does not shift as in the case of Zn-122 but superconductivity appears. According to the previous ARPES study 28 , the Ru 4d states are located around -1 eV below E F and, therefore, will be merged into the Fe 3d bands. Thus, the Fe 3d-Ru 4d bands near E F are broadened compared to those of the parent compound, the antiferromagnetic ordering is suppressed, and the superconductivity appears.
In conclusion, we have performed an ARPES study of Ba(Fe 1−x Zn x ) 2 As 2 with x = 0.08 and 0.25 to investigate the effect of Zn doping on the electronic structure. From the three-dimensional shape of the FSs determined by ARPES, we found that the hole and electron FS volumes do not change, that is, a dramatic deviation from the rigid-band model occurs. Since very few electrons are doped into the Fe 3d band, the AFM persists in Zn-122, and we have confirmed the universal relationship between the T N and n el − n h among the transition metal-doped Fermi-surface (FS) mapping and hole and electron band dispersions taken above T N are shown in Fig. 6 . The reconstruction of the FSs due to antiferromagnetic order is absent, and paramagnetic hole and electron FSs are observed. Hole and electron bands are clearly observed as shown in Figs. 6(c1) and 6(c2), respectively. B. Fermi-surface mapping in the kz-k || plane measured above TN FS mapping in the kz-k || plane above T N has been measured at T = 150 K for hν = 34-84 eV with linearly polarized light for Zn-122 in order to estimate the FS volumes (see text) as shown in Fig. 7 . We have found that the hole and electron FSs show warping, while the shape of the electron FS is almost straight along the k z direction. Two hole FSs are resolved for the x = 0.08 and 0.25 samples. For the electron FSs, we have found two sheets for the x = 0.08 sample, while one cannot resolve the two FSs separately for x = 0.25, that is, the electron FS of x = 0.25 are nearly degenerate. Therefore, we have estimated the electron FS volume by assuming two degenerate FSs.
C. Zn 3d level photoemission spectra
Since the solubility of Zn in Zn-122 is low, metallic Zn may coexist with Zn substituting Fe. If such an impurity phase of the metallic Zn exists, the spectra of the Zn 3d states would show multiple components. Figure S3 shows the Zn 3d photoemission spectra of Zn-122 with x = 0.08 and 0.25. The Zn 3d states have narrow bandwidth and can be regarded as core levels with the spin-orbit doublet of d 5/2 and d 3/2 . Therefore, we have fitted each Zn 3d spectrum to a superposition of two spin-orbit doublets. Each spin-orbit doublet consists of two set of two Gaussians with the intensity ratio d 5/2 :d 3/2 = 3:2 (red curves in Fig. 8 ). The two spin-orbit doublets are separated due to a chemical shift between the Zn-122 phase and the impurity phase. The intensity ratio of the two doublets was found to be 5:1 for the x = 0.08 sample and 7:1 for the x = 0.25 sample, that is, the net Zn concentration without the impurity phase is deduced to be ∼ 0.07 and ∼ 0.2 for the x = 0.08 and x = 0.25 samples, respectively. We have used the Zn concentrations in the Zn-122 phase thus deduced rather than the nominal concentrations throughout this paper. 
